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I. INTRODUCTION
Carbon nanotubes are very attractive due to their unique electrical and physical properties and also because of their potential for a wide range of applications. These include novel interconnects and nanoelectronic devices such as logic gates 1,2 and memory cells. 3, 4 Tasis et al. 5 recently published a comprehensive review of nanotube functionalization techniques, developed to address specific applications. While individual nanotubes have been characterized extensively, understanding the basic response ͑electrical and mechanical͒ of carbon nanotube composites is still at an early stage, even though polymer-nanotube films are now subjected to a sustained research effort. 6, 7 A very simple method to deposit thin films of noncovalently functionalized nanotubes is the layer-by-layer ͑LbL͒ process. This is based on the alternate adsorption of negatively and positively charged species in order to build up multilayer device architectures. 8, 9 In LbL deposition, nanometer-thick amorphous polymer shells are formed around individual carbon nanotubes to provide an electrically charged surface; the reversal of the electrostatic charges is then responsible for the build up of multilayers. 10, 11 Most of these research initiatives have focused on the chemical modification of the nanotubes. The film structure and electrical response have also been investigated. [6] [7] [8] [9] [10] [11] However, the electrical characteristics are often limited to recording the current versus voltage ͑I-V͒ characteristics, assessing the potential applications, and to reporting the improved conductivity achieved within the polymer composites as a result of the nanotube blending. 6, 7 Very little is known about the electrical transport mechanism in the LbL nanotube composites.
This report follows up our previous work 9 and aims to elucidate the conduction process͑es͒ occurring in LbL films of single wall carbon nanotubes ͑SWCNTs͒. Monolayers of anionic ͑SWCNT a ͒ and cationic ͑SWCNT c ͒ SWCNTs are stacked up as many times as necessary to produce the nanometer-thick devices. The ability to produce large area electrically homogenous ultrathin film composites ͑thinner than 100 nm͒ is challenging and of particular interest for applications such as electrochemically active electrodes. Here, the surface morphology of the thin films, their room temperature I-V characteristics, and their temperature dependence are reported.
II. THEORY
For Schottky emission, which occurs at the interface between the electrode͑s͒ and the film, the voltage dependence of the barrier energy E is given by the general equation
where E 0 is the energy at zero field, 0 the permittivity of free space, and r the relative permittivity, while e and V are the electronic charge and the applied bias, respectively. The parameters n and are normally dependent on the type of conduction to be considered. For the Schottky mechanism, n and are unity. In turn, for the Poole-Frenkel conduction, n = 2 and is indicative of the level of the charge for the ionized traps: 1 for singly charged and 2 for doubly charged traps level. 12 The parameter ␦ ‫ء‬ is the effective electrode separation, and may differ ͑usually smaller͒ from the physical electrode separation ␦ because of the screening effect of the charge carrier accumulation layer͑s͒ at the electrode-film interface. 13 For an in-plane electrode configuration, ␦ ‫ء‬ will account for the nonuniform distribution of the electrical field between the two electrodes.
For conductivity dominated by the Schottky effect, the current-voltage dependence may be extracted from Eq. ͑1͒
where A is the Richardson coefficient, k is the Boltzmann constant, T is the temperature, and ␤ S is the Schottky coefficient. The following tests may therefore be applied to experimental data to investigate whether or not Schottky conduction is a significant process: 12, 14 ͑a͒ Voltage dependence
or ln͓I͔ ϰ V 1/2 ͑at fixed temperature͒.
͑3͒
͑b͒ Temperature dependence ln͓I/T 2 ͔ ϰ 1/kT ͑at constant voltage͒. ͑4͒
In contrast to Schottky emission, Poole-Frenkel conduction ͑or field-assisted thermal ionization͒ is a bulk-limited process in which the conduction is driven by charged traps present within the film. 14, 15 In the presence of an electrical field, it also complies with the general voltage dependence of the energy barrier lowering ͓Eq. ͑1͔͒ and may be rewritten as
where ␤ PF , given by Eq. ͑6͒, is the Poole-Frenkel coefficient corrected for the effective electrode separation and the ionization state of the traps contributing to the conduction
.
͑6͒
In the Poole-Frenkel conduction model, the current versus voltage dependence, 14, 15 equivalent to that of Schottky emission ͓Eq. ͑2͔͒, is given by
͑7͒
As a result, if this conduction mechanism dominates, then the following equations apply:
͑b͒ Temperature dependence ln͓I͔ ϰ 1/kT and ln͓G͔ ϰ 1/kT, ͑9͒
where G͑=I / V͒ is the electrical conductance.
III. EXPERIMENT

A. Device architectures
SWCNT c and SWCNT a were produced by dispersing the SWCNTs in solutions of dodecyltrimethylammonium bromide ͑DTAB͒ and sodium dodecyl sulfate ͑SDS͒, 10 respectively. By alternating these cationic and anionic nanotubes, multilayer device architectures were built up using LbL deposition. In practice, a cleaned substrate is dipped into a cationic ͑or anionic͒ solution for 30 min to allow the SWCNTs from the solutions to be adsorbed onto the substrate, giving layers of SWCNT c and SWCNT a . Substrates coated with a SWCNT c or SWCNT a layer were subsequently washed with water, dried with nitrogen, and dipped into the counterion solution to form a bilayer. This cyclic process was repeated until the desired device architecture was achieved. Prior to the deposition of the active layer ͑SWCNT c or SWCNT a ͒, two or more bilayers of polyelectrolytes ͑referred to as passive layers͒ were deposited onto the substrate to enhance the adhesion of the active layers, where polyethylenimine ͑PEI͒ and polystyrene sulfonate ͑PSS͒ are cationic and anionic polyelectrolytes, respectively.
Using the process described above, three device architectures ͑devices 1-3͒ were fabricated to investigate the electronic conduction mechanism within the films and to assess the effects of the device configuration on the electrical properties. All three devices contained ten bilayers of SWCNT c / SWCNT a or ten bilayers of alternated PEI and polyacrylic acid ͑PAA͒ wrapped SWCNTs, ͓͑PEI͒/͑PAA-SWCNT͔͒, but differed in their arrangement. For instance, the ten SWCNT c / SWCNT a bilayers in device 2 were separated in two blocks of five SWCNT bilayers by ͓PEI/ PSS͔ 2 . In turn, the SWCNT c / SWCNT a was replaced by a ͓͑PEI͒/ ͑PAA-SWCNT͔͒ bilayer for device 3. Note that at neutral pH in aqueous solutions, PAA is negatively charged. current and the conduction mechanism ͑e.g., the number of consecutive SWCNT layers required to produce electrically uniform films with a known conduction mechanism͒.
B. Material preparation
To ensure that the devices are built up from highly purified nanotubes, commercially available SWCNTs ͑pur-chased from Carbon Nanotechnologies Inc.͒ were purified until the metal content was below 5 wt % as shown by the thermogravitometric analysis, Fig. 2͑a͒ . In brief, the SWCNTs were subjected to a thermal oxidation for 90 min at 300°C, followed by stirring in a concentrated HCl bath overnight, before finally rinsing the nanotubes with deionized water ͑until the pH of the solution is to that of deionized water͒ and drying overnight at 120°C. 18, 19 The purified SWCNTs were positively and negatively charged by noncovalent surface coatings 8 with SDS and DTAB to produce SWCNT a and SWCNT c , 9 respectively. Solutions of SDS ͑1 % wt͒ and DTAB ͑0.65 % wt͒ were prepared by dissolving the surfactants in de-ionized water. The materials produced were analyzed by Raman spectroscopy, Fig. 2͑b͒ , to ascertain the presence of SWCNTs in the composites. 9 The relative increase in the sp 3 ͑ϳ1350 cm −1 ͒ compared to sp 2 band ͑ϳ1580 cm −1 ͒ in the LbL SWCNT film may have resulted from the surfactant wrapping of the SWCNTs in the matrix.
The following SWCNT concentrations were used: In all cases, the solutions were sonicated for about an hour to obtain a homogenous solution, with no apparent ͑vis-ible͒ SWCNT clusters. This process allows the clusters to break up into bundles which in turn disperse as individual tubes in the solutions. For electrical measurements, glass substrates or oxidized undoped silicon wafers, with prepatterned gold electrodes, were used. The seed layers ͑PEI/PSS͒ were deposited onto the prepatterned substrates, while the top Au electrodes were thermally evaporated onto the specimens using a shadow mask. Current-voltage characteristics were recorded by a two-point probe and their temperature dependence was measured from ambient down to 77 K using a liquid nitrogenbased cryostat.
IV. RESULTS AND DISCUSSION
A. Conduction mechanism
The average thickness of the specimens was estimated to be ϳ70 nm, based on our previously reported experimental data.
9 Figure 4͑a͒ shows the current versus voltage characteristics for a device 1 structure with an electrode separation of 4 mm and over the voltage range of 0-20 V. The data are shown in the forms expected for both Schottky emission ͓i.e., ln͑I / T 2 ͒ versus V 0.5 , Eq. ͑3͔͒ and Poole-Frenkel conductivity ͓i.e., ln͑G͒ versus V 0.5 , Eq. ͑8͔͒. It should be noted that a certain degree of hysteresis was found in these measurements, clearly seen for the Poole-Frenkel plot in Fig. 4 . Despite this, the Poole-Frenkel model seems to provide a better fit to the experimental data ͑for both increasing and decreasing voltages above about 1 V͒ than the Schottky model over a wide variation in current. In Fig. 4͑b͒ , the dependence of the current on the electrode separation is explored by plotting the data from a device 1 structure for different electrode separations at applied voltages of 10 and 190 V. The straight lines evident on the ln͑I͒ versus ␦ 1/2 plot support both the Schottky and Poole-Frenkel models. Figure 5 compares the current versus voltage data, in the form of Poole-Frenkel plots, for the three device architectures fabricated in this work. The results are shown for two different electrode separations ͑5 and 14 mm͒. Reasonably good straight lines are obtained in all cases, in contrast to the Schottky plots ͓Eq. ͑3͔͒, which were very nonlinear ͑data not shown͒. The hysteresis that is observed, in which the currents measured on increasing the voltage are usually less than those obtained when the voltage is decreased, may possibly result from some charge storage. This hysteresis is consistently present on subsequent voltage scans. Its origin is uncertain and currently under investigation.
Figure 5 reveals that the magnitude of the current in device 2 ͑current in the microampere range͒ is somewhat reduced compared to that in device 1 for the 14 mm electrode separation. This is probably the result of the two insulating bilayers of PEI/PSS in the middle of the multilayer architecture. The effect is more marked for device 3 ͑currents reduced to the nanoampere range͒ in which a PEI/PAA is interleaved with SWCNT layers. The lower SWCNT content in device 3 may also account for the reduction in the intensity of the current. However, these data suggest that the carbon nanotubes do not penetrate the bilayers of the polyelectrolytes and that the current flow in these multilayer architectures can be confined to the LbL layers containing the SWCNTs.
On a practical note, the devices investigated in this work were all prepared on 75ϫ 25 mm 2 glass slides and silicon wafers ͑51 mm diameter͒ onto which an ϳ1 m thick oxide was thermally grown. The fact that the in-plane I-V data obey the same conduction model for all the specimens fabricated ͑devices 1-3͒ demonstrates that large area films, with a dominant conduction mechanism, can be reproducibly synthesized using LbL techniques.
B. Effective electrode separation
Using ellipsometry measurements at a wavelength of 632 nm, the relative permittivity of our SWCNT LbL films Table I . The ␦ ‫ء‬ values were obtained using = 2 to account for the cationic and anionic charges of the surfactants ͑traps͒ contributing to the conduction. Analysis of the electrical data for all of the samples studied revealed that the effective electrode separation decreased with the number of consecutive SWCNT layers in direct contact with the electrodes, with an average of ␦ ‫ء‬ / ␦ Ϸ 0.9, 0.6, and 0.5 obtained for device 1 ͑ten bilayers͒, device 2 ͑five bilayers͒, and device 3 ͑one layer͒, respectively. This implies a varying degree of homogeneity of the electrical field across the films. The device configuration and the connectivity between conductive paths within the composites ͑i.e., concentration of SWCNTs in the composite and how they are dispersed across the substrate͒ may explain the reduction in the effective electrode separation with the numbers of consecutive active layers. The surfactant layer interleaved between consecutive layers reduces volume conductivity, so confining the conduction within the consecutive active layers in direct contact with the electrodes.
C. Temperature dependence
If Poole-Frenkel conductivity dominates in our samples, then the temperature dependence of the conductance should be given by Eq. ͑9͒, i.e.,
͑10͒
where ⌬E represents an activation energy. Figure 6 shows ln͓G͔ versus T −1 data for a device 2 architecture at a constant applied bias of 10 and 100 V. In each case, reasonable straight lines are evident above and below a transition temperature of about 155 K. Such transition temperatures are particularly useful to determine the relationship between dominant densities of state. 21 Attempts to fit the same data to the Schottky model ͓Eq. ͑4͔͒ produced very poor fits ͑data not shown͒. Devices 1 and 3 structures exhibited very similar temperature data and will not be discussed in detail here. Mathew et al. 12 attributed the variation in the slope above and below the transition temperature to the presence of at least two trap levels. Although this conclusion was drawn investigating Poole-Frenkel conduction in CdTe and Mo-Cu 2 O, it is consistent with the presence of cationic and anionic surfactants ͑potential traps͒ within the LbL SWCNT film matrix. Well defined activation energies may be identified in different temperature regions if the carrier mobility of the density of states is affected differently by the temperature within the range considered. Temperatureinduced changes in activation energies are well documented 21 and will not be discussed further. The activation energy values did not vary significantly between the data obtained at 10 V and 100 V ͑Fig. 6͒. However, the figure for ⌬E above the transition temperature ͑ϳ20 meV͒ was approximately twice that below the transition temperature ͑ϳ10 meV͒. The various activation energies obtained from the data in Fig. 6 are given in Table II . These are of the same order with those reported by Choi et al. 22 who found 12.2 and 1.4 meV in boron-and nitrogendoped SWCNT mats, respectively. However these values are low compared with the activation energy for individual B-doped nanotubes, reported to be 55-70 meV. 23 It is also believed that the number of SWCNTs effectively transferred above the percolation threshold is another factor that contributes to lowering of the activation energy as a greater connectivity and near-uniform coverage of SWCNTs across the substrate increase the effective electrical field. The values of the activation energies ͑a few meV͒ suggest that only shallow traps are involved in the LbL SWCNT composites synthesized, attributable to the presence of surfactants shells around the nanotubes.
D. Effect of nanotube loading
The effect of the concentration of SWCNTs in the composites was investigated using a modified device 1 architecture. Device 1 ‫ء‬ was therefore produced from solutions of SDS and DTAB containing at least three times more SWCNTs than those for devices 1, 2, and 3, as described in the Sec. III. Figure 7 shows the current versus voltage ͓Fig. 7͑a͔͒ and the current versus electrode separation ͓Fig. 7͑b͒ results for device 1 ‫ء‬ , all of which exhibit a linear dependence. Note that no hysteresis was observed for device 1 ‫ء‬ . The current level is three orders of magnitude higher than that measured for device 1, reflecting the higher SWCNT content in the multilayer architecture. The results also suggest that a simple Ohmic conduction process is sufficient to account for the electrical conductivity.
A model of conduction within our LbL SWCNT composites is shown in Fig. 8 . Two types of conductive path are depicted. In the first, C 1 or C 2 , the conduction is limited by the voltage drop across the outer ͑surfactant͒ coating of the functionalized SWCNTs ͑C 1 : SWCNT c -SWCNT a and C 2 : SWCNT-SWCNT a/c contacts͒. This accounts for the Poole-Frenkel conductivity observed in the device configurations ͑devices 1-3͒ reported earlier in this paper. The trapping levels are therefore those associated with the surfactant coatings. The other kind of conduction path C 3 results from tube to tube contact. This will dominate for high nanotube concentrations and accounts for the Ohmic behavior of device 1 ‫ء‬ . However, despite the dominance of Poole-Frenkel conduction in devices 1-3, tunneling, tube to tube hopping, interface electrodes, and conduction through the polyelectrolyte shells should not be completely discounted. Tunneling 14 may also occur between two adjacent sites if the thickness of the insulator separating them is extremely thin ͑below 50 Å͒. Equally, intertube hopping 24 may exist between stack of individual uncoated SWCNTs.
V. CONCLUSIONS
Large area of SWCNT thin film composites have been produced using the LbL deposition process. At room temperature, the in-plane conduction was dependent on the amount of SWCNTs transferred effectively from the solution onto the substrates. While an Ohmic conduction was observed in films having a higher SWCNT concentration, the conduction in composites with a lower SWCNT loading was driven by the Poole-Frenkel mechanism, which was also independent of the precise device configuration and the magnitude of the electrode separations up to 14 mm. The temperature ͑293-77 K͒ dependence of the conductance provided a further confirmation of the dominance of the Poole-Frenkel mechanism. Furthermore, a transition temperature observed between ϳ150 and 160 K indicated that two levels of ionized traps contributed to conduction. These were believed to result from the presence of the anionic and cationic surfactant shells around the nanotubes. A simplified model, based on the SWCNT loading, tube to tube contacts, and contacts between functionalized tubes, was proposed to explain the electrical behavior of the films produced.
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